Introduction
Fault statistics unambiguously indicate that majority of total number of power system faults occur on overhead power lines. Such faults have to be detected [1] and then located by protective relays (operating in on-line mode) as well as by fault locators (operating in off-line mode) which are considered in this paper.
Varieties of one-end fault location impedance-based algorithms for fault locators have been developed so far [2] - [5] . Three-phase current {i a , i b , i c } and voltage {v a , v b , v c } acquired at one end of the line, from the phases: a, b, c, are considered as such fault locator (FL) input signals ( Fig. 1) .
The aim of the FL is to determine a distance to fault: d, expressed within this paper in per units [p. u.] . The already known algorithms [2] - [5] differ in many aspects, however, all of them are designed for locating typical shunt faults: single phase-to-earth (as in Fig. 2b ), phase-to-phase, phase-to-phase-to-earth and three phase faults.
This paper, in turn, is focused on locating complex faults in a form of an open conductor failure combined with a phase-to earth fault - Fig. 2 [6] . Such fault results from a mechanical failure of a phase conductor, with one of the break coming into contact with earth. As so far, there are no available statistics for such faults. The complex faults being a combination of earth fault with open conductor failure have been considered in not numerous publications. In particular, such faults have been studied in relation to their simulation [7] , calculation [8] - [9] and protection [10] - [12] . In turn, fault location of such faults was considered in [6] , while this paper continues this research.
When considering the complex faults, two different sequences of an earth fault and an open conductor failure, as shown in Fig. 2c and d, have been considered. The algorithm for locating the complex faults has been derived with using the generalised fault loop model [3] . For evaluating this algorithm, the fault data obtained from versatile ATP-EMTP [13] simulations of faults have been applied.
Fault location algorithm
Overall structure for locating both the typical shunt faults and the considered here complex faults [6] is presented in Fig. 3 .
Firstly, an occurred fault has to be detected and then it undergoes classification, in terms which phases are taking part in a fault and whether earth is involved or not. Then, both typical and complex faults are to be located. Finally, selection of the valid result has to be carried out or two alternative results are yielded (Fig. 3) . The considered fault location algorithm is stated in terms of symmetrical components (Fig. 4) by applying the generalised fault loop model described in [3] . In order to derive the fault location algorithm covering both the cases of Fig. 2 with respect to sequences of the open conductor failure and the earth fault, the following generalised fault loop model [3] is proposed:
failure for positive sequence,
a , 0 a -weighting coefficients dependent on fault type used for composing fault loop signals, identically as for the distance protection (Table 1) ,
-share coefficients dependent on fault type and preference for using the sequences (Table 2) , Taking for further analysis the recommended set of the share coefficients from Table 2 ,, the generalised fault loop model becomes:
Thus, there are four unknowns: d, R F , V 1 and I F2 in (2) under availability of one-end measurements only. The model (2) is not directly solvable and thus one needs to formulate additional equations to provide sufficient number of equations with respect to the specified unknowns in (2). For this purpose the flow of currents in the equivalent circuit diagrams of Fig. 4c and Fig. 4d has been considered. As a result, the negative and zero sequences of the total fault current (fault path current) are determined as follows:
To enable solution of (2), additionally the relation between the sequence components of the total fault current [3] is utilised:
where the recommended coefficients b F1 , b F2 are gathered in Table 2 .
Substitution of (3) and (4) into (5) yields:
where:
In turn, substitution of (6) into (3) gives the formula for the negative-sequence component of the fault path current:
All the coefficients (Q 1  Q 13 ) involved in (6)- (7) are determined by the parameters of the equivalent circuit diagrams (Fig. 4) and the coefficients dependent on fault type coefficients (Table 2) . By expressing the unknowns V 1 and I F2 as the functions of the sought distance to fault: (6) and (7), the fault location problem reduces to solving the fault loop model (2) with only two unknowns:
] -distance to fault and R F -fault path resistance, thus, analogously as in the other one-end fault location algorithms [3] .
Results
In order to illustrate behaviour of the derived algorithm, the ATP-EMTP software package [13] has been used to simulate variety of fault cases on the transmission line of 400 kV, 300 km, and the selected results are shown in Figs. 5, 6 and 7. Data for the transmission line (impedances and capacitances) and impedances of the equivalent systems (sources) were assumed as: (Fig. 6) is generally better.
The sample results of fault location accuracy evaluation are shown in Fig. 7a and b . The faults were applied at different locations and the involved fault resistance was: R F =10 . For the case of the broken conductor failure in front of the ground fault (Fig. 7a ) the error can reach around 3%, while for the opposite case (as presented in Fig. 7b ) much better accuracy is provided and the error does not exceed 1%. Such level of errors is kept for fault resistances up to the range of 25 . 
Conclusions
Efficient one-end algorithm for locating earth fault combined with an open conductor failure has been presented. Different sequences for appearing the earth fault and the open conductor failure, namely the open conductor failure in front of and behind the phase-to-earth fault, have been taken into account. Generalised models of fault loops and faults have been applied for formulation of the algorithm. The presented approach can be incorporated into two-end fault location methods, which at present do not offer the possibilities for locating the complex faults considered in this paper.
The developed fault location algorithm has been evaluated with use of the fault data obtained from versatile ATP-EMTP simulations. The attached examples show satisfactory performance of the algorithm. Certain poor accuracy of fault location is observed for open conductor failure in front of the earth fault. Improvement of accuracy for these cases requires incorporating more sophisticated filtering of the input signals and including the compensation for shunt capacitances of a line. 
